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11. Introduction
Piezoelectric single crystal such as PZN-PT [Pb(Zn1/3Nb2/3)O3-PbTiO3] and PMN-PT 
[Pb(Mg1/3-Nb2/3)O3-PbTiO3] which have magnificent piezoelectric properties, have been used 
for various applications, e.g., sensors, transducers and actuators. For piezoelectric applications, 
ferroelectric materials are usually employed because of their high performance after poling 
process.
Poling process that forces ferroelectric domains to align; otherwise, randomly oriented, is 
essential in making a ferroelectric into a piezoelectric. It is typically performed at an elevated 
temperature by applying a certain amount of a unipolar electric field for some time since
domain alignment is a time-dependent thermally activated process. However, induced 
piezoelectric properties generally disappear when ferroelectric material is heated up to Curie 
temperature (Tc) where aligned dipoles scatter. Because the synthesis of common ferroelectric 
materials is processed at high temperature, ferroelectric materials must be poled for 
piezoelectric application.
In this paper, ferroelectric PMN-PT single crystals with doping Mn for inducing self-poling 
effect will be discussed. The Mn-doped PMN-PT exhibits a high piezoelectric response without 
any poling process. Moreover, high piezoelectric properties are re-induced after heating above 
TC with self-poling on cooling process. The defect-dipoles which is caused by Mn ions generate 
internal bias fields (Ei) which give forces aligning dipoles of PMN-PT to have spontaneous 
polarization.
The Mn-PMN-PT crystal which is able to be self-poled has its own preferred poling direction. 
So opposite DC-poling can enhance piezoelectric and dielectric performances like AC-poling 
which is highly interested by ferroelectric single crystal society. The mechanism presented in 
this paper can offers a new perspective for enhancing the dielectric and piezoelectric properties 
of doped ferroelectric single crystals.
22. Theoretical review
2.1. Piezoelectrics
2.1.1. Classification of dielectric materials
Dielectric material is an electrical insulator that can be polarized in applied electric field, E.
When electric field is applied to dielectric material, it responds with charge redistribution. The 
bound charge carriers stick in their unit cell, they are only arranged with same direction of 
applied electric field. The magnitude of the displacement (polarization density) proportionally 
increase with applied electric field given by equation (1)
0 rP Ee e=                                 (1)
Where 0e  , re  are the vacuum and the relative dielectric permittivity, respectively. The 
dielectric permittivity which means the measure for electrical energy stored can be measured 
by an applied voltage and the capacitance, C of the material. The capacitance is defined as 
followed equation (2) with A, the surface area and t, thickness of the material.
0 r
A
C
t
e e= ×                                (2)
And there is electric-field induced strain effect which is given by equation (3) Where S is 
strain which is related to polarization by electrostrictive coefficient, Q.
2S Q P= ×                                 (3)
Dielectric materials can be classified by several subgroups (See Figure 1 and Figure 2). For 
21 non-centrosymmetric crystal classes have piezoelectric, pyroelectric and ferroelectric 
effects.
3Figure 1. Classification of piezoelectric, pyroelectric and ferroelectric crystal based on the 
symmetry system
Figure 2. Scheme of the subgroups of dielectrics and the electric field E dependence of (a) 
dielectric electrostrictive and (b) ferroelectric polarization P
Piezoelectric effect 
Piezoelectrics develop electrical polarization when mechanical stress is applied. 20 crystal 
structures in the 21 non-centrosymmetric classes show this effect. The piezoelectric relation 
with polarization(P), stress (σ) and the piezoelectric coefficient(
ijkd  , tensorial quantity) is 
defined as equation (4).
4i ijk jkP d s=                               (4)
The inverse piezoelectric effect, which is the production of strain S by applied electric field
E, is defined by equation (5).
jk ijk iS d E=                               (5)
Pyroelectric effect 
Pyroelectrics are a subgroup of piezoelectric materials whose spontaneous polarization, sP
shows temperature dependent. The dependence of polarization on temperature can be described
by equation (6) with the pyroelectric coefficient g .
s
i iP Tg= D                               (6)
Ferroelectric effect
Ferroelectric material is a subgroup of pyroelectric material with two or more orientational 
states of the spontaneous polarization without electric field which can be reversed by the 
external electric field. More details about ferroelectric material will be dealt with next chapter.
2.1.2. The structure of ferroelectric materials
At high temperature, all ferroelectric materials have cubic phase where only induced 
polarization and electrostriction exists. In this paraelectric phase, polarization is directly 
proportional to the electric field. There is no spontaneous polarization, the material cannot have 
extrinsic polarization. 
5Most commonly used ferroelectrics, such as barium titanate (BaTiO3), potassium niobate 
(KNbO3) and lead titanate (PbTiO3) have a perovskite crystal structure (see Figure 3). [1]   
ABO3 is the general formula of perovskites. It has a cubic unit-cell in its high temperature 
paraelectric phase and several polymorphs at lower temperatures (see Figure 3). The large A-
atoms occupy the cube corners, the smaller B-atoms form the unit cell center and the oxygens 
are found at the face centers. The B atoms have a coordination number of 6 surrounded by 
oxygen octahedral, the A-atoms have a coordination number of 12.
Figure 3. Perovskite structure of the ferroelectric BaTiO3 in its cubic paraelectric phase above 
the Curie point Tc of 130°C. The tetragonal, orthorhombic and rhombohedral ferroelectric 
polymorphs and their respective directions of polarization P are sketched.[2]
62.1.3. Phase transition of ferroelectric materials and Curie point
Figure 4. Dielectric permittivity for a-axis and c-axis of BaTiO3 single crystal as function of 
Temperature.[3]
The ferroelectric material undergoes several structural phase transitions during heating or 
cooling. BaTiO3 has three phase transitions in the temperature range from -90 °C to 130 °C . 
Figure 3 and Figure 4 shows the structure and dielectric permittivity of BaTiO3 upon phase 
transition. The rhombohedral, orthorhombic and tetragonal BaTiO3 has ferroelectricity, while 
the cubic phase is paraelectric.[4]
The Curie temperature (Tc) of ferroelectricity means the temperature where spontaneous 
polarization of ferroelectric materials decreases to zero and the phase transition point from 
ferroelectric to paraelectric. Spontaneous polarization of ferroelectric materials decreases with 
increasing temperature up to the phase transition temperature, Tc, where the polarization 
disappears continuously (2nd order phase transition) or more often discontinuously (1st order 
phase transition) (Figure 5 (b), (e) respectively).[1]
7Figure 5. Features of (a-c) second order and (d-f) first order phase transition. (a, d) Free energy 
as a function of polarization(b, e). Spontaneous polarization Ps as a function of temperature(c, 
f).[5]
The dielectric permittivity and its inverse, following the Curie-Weiss law given by equation 
7. This structural phase transition is accompanied by a diverging differential dielectric 
permittivity, which can be described with the Curie-Weiss law
0( )
r
C
T T
e =
-
                                (7)
where C is the Curie-Weiss constant and T0 stands for the Curie-Weiss temperature, which is 
defined as the x-axis intercept of the linear portion of the plot of 1/εr versus T above the Curie 
point (see Figure 5 c, f).[5]
2.1.4. Ferroelectric domains and their switching mechanism
Ferroelectric materials below Tc without an external field have at least two equivalent 
directions of spontaneous polarization. Different regions of the crystal polarize in these 
different directions. The uniform polarizations make their own area, which is called a domain. 
The domain structure usually results in zero net polarization of the material. Domain 
boundaries are arranged so that the dipole moments of individual domains meet at either 180° 
8or 90° in tetragonal structure and 71° or 109° in rhombohedral crystal symmetry. This twinning 
of domains reduces the overall free energy in comparison to a single domain configuration. 
Because the domain boundaries (domain walls) also store energy, the actual domain structure 
is a result of the balance of energy increase due to domain wall creation and energy decrease 
due to reduction of the depolarization field.[6]
Figure 6. Sketch of a random orientation state in a ferroelectric ceramic before and after 
poling.[7] Before poling the macroscopic remanent polarization Pr is zero. After poling, the 
domains are preferentially aligned with the electric field E. This results in non-zero remanent 
polarization Pr and strain Sr.
 When ferroelectric material poled with external field, the crystal lattice changes with small 
deformations. These polarization and strain changes are referred to as an intrinsic effect. 
Intrinsic changes of polarization and strain are reversible and do not contribute to hysteresis.[6]  
When external electric field continuedly increase, domain also coalesce to grow into bigger 
with favored orientations. 
 Domain wall motion results in a deformation from a change of direction of polarization in the 
volume which is swept by the wall. Work from domain wall is done during this process. This 
extrinsic effect (Domain wall motion) contributes to the hysteretic behavior. In Figure 6 
describes poling process. Poled material shows macroscopic remanent polarization and strain 
9after removal of the external field. The degree of poling is related to the number of possible 
poling directions and their alignment with the external field.[4]
Figure 7. (a) Ferroelectric polarization hysteresis loop. (b) Strain hysteresis loop showing the 
characteristic butterfly curve.
A typical polarization - electric field curve (PE curve) is shown in Figure 7 (a). When electric 
field is applied to an unpoled ferroelectric material, the randomly oriented domains are 
successively oriented with the direction of electric field. Increasing the electric field leads to a 
saturation polarization Psat where most dipoles are aligned with direction of electric field. When 
the polarization increases linearly with electric field because of polarization extension, the 
degree of polarization has reached its maximum. Although the external field is lowered, 
direction of dipoles is not changed and leave a remanent polarization, Pr when electric field 
gets zero. The linear extrapolation of the saturation curve back to zero field represents the 
spontaneous polarization Ps. When a opposite direction field is applied, the domains align in 
the new field direction and the polarization reaches zero at the coercive field, Ec and repeat 
same process.[7]
Like the PE curve, strain under an alternating electric field has hysteresis because of 
polarization switching. The so-called butterfly-loop is shown in Figure 7 (b). Total strain of 
ferroelectric material is the sum of an intrinsic contribution, which means the unit cell extension, 
and an extrinsic contribution, due to domain wall motion. The latter changes the relative 
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number of domains of one orientation in favor of an orientation which is better adopted to the 
local stress and electric field state. Ferroelectric ceramics usually contain non-180° domains, 
which is switched in direction of the field and contribute significantly to the strain of the 
sample.[6]
2.1.5. Dynamics of Ferroelectric systems
Figure 8. Variation of the complex dielectric permittivity with frequency.[2]
The polarization P is the result of contribution of several polarization mechanisms with 
different relaxation frequencies. In general dielectrics, the macroscopic polarization is the sums 
for each polarization of atoms, ions, dipoles and space charge. This relation can be described 
by equation (8).
argtotal atomic ion dipole Spacech ee e e e e= + + +                      (8)
Atomic polarization, which means the deformation of the electron cloud around an atomic 
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nucleus, has the fastest response time and adds to macroscopic polarization up to frequencies 
of 1015 Hz. Ionic displacements are the most important contribution to polarization in 
ferroelectric ceramics. Because mass of ions is higher than that of electrons, ionic mechanism 
responds more slowly (frequencies of 1013 Hz).[2] Dipolar polarization and space charge 
polarization which involves a limited transport of charge carriers, respond at much lower 
frequencies. In other words, depending on the frequency of the applied alternating field, 
different polarization mechanisms can be activated. The dielectric and piezoelectric response 
is therefore highly frequency dependent. Because charges have inertia, the polarization does 
not occur instantaneously in response to an alternating field and dielectric permittivity is a 
complex quantity with a real ε´ and an imaginary part ε´´. Figure 8 shows variation of the 
complex dielectric permittivity with frequency.[2]
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2.2. Piezoelectric single crystal
2.2.1. Introduction
Piezoelectric ceramics have been modified for lower production costs and easier production 
methods because of its lower properties compared to piezoelectric single crystals. So, many of 
the industries (such as piezoelectric actuators, ultrasonic transducers, medical devices and 
sonar) that demand high performances use piezoelectric single crystals instead of ceramics. 
After development of PbZrO3-PbTiO3 (PZT) ceramics, there is no significant increase of 
properties for piezoelectric ceramics. But piezoelectric single crystal has much higher dielectric 
coefficient(d33) and electromechanical coupling factor(k33) than piezoceramics. Table 1 shows 
the comparison of PZT ceramics (polycrystal) and PMN-PT single crystals. For d31 and k31, 
PMN-PT single crystal has eight and two times higher respectively compared to PZT-5H 
ceramics. 
Table 1. Comparison of PZT ceramics (polycrystal) and PMN-PT single crystals.[8] 
Table 2 illustrates the properties of all generation piezoelectric single crystals. It was around 
1980s when the research about relaxor-PbTiO3 piezoelectric single crystals because of its 
outstanding properties. In 1980s, Kuwata in Tokyo Institute of Technology developed 
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) single crystal[9] and Tom Shrout in Pennsylvania State 
University reported synthesis of Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) single crystals.[10] 
These two relaxor-PbTiO3 piezoelectric single crystals is called the first-generation single 
crystals. But depolarizing temperature of these crystals is too low to use for applications despite 
high electromechanical coupling factor of PZN-PT and PMN-PT single crystals. So, second 
generation piezoelectric crystal, such as Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-
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PMN-PT) and Pb(Mg1/3Nb2/3)O3-PbTiO3-PbZrO3 (PMN-PZT), was fabricated for extending 
operation range of temperature and coercive field. Then third generation piezoelectric single 
crystals like Donor/Acceptor Modified PMN-PT and PMN-PZT have been developed to get 
high mechanical quality factor and more outstanding piezoelectric performances. 
Table 2. Three generations of high performance piezoelectric single crystals.[8] 
2.2.2. Dopant engineering for Piezoelectric single crystal
 As the study of Pb(Zr1/2Ti1/2)O3 ceramics has shown, the piezoelectric properties are improved 
by adding donor or acceptor dopants. Therefore, currently commercialized PZT ceramics are 
usually doped with donor or acceptor dopants. The technique that uses dopants to change the 
piezoelectric properties is called “Dopant engineering”. For synthesizing general ceramics, the 
processes using dopants are not quite difficult to disperse dopants in ceramic lattice. But in 
case of synthesis of single crystal, even 1% of dopants greatly affect to growth condition of 
crystals and the segregation of dopant is also severe. So there have been many studies for 
synthesizing doped crystal and recently, Mn-doped PMN-PZT has been synthesized and the 
mechanical quality factor Qm and coercive electric field (EC) of crystal increased compared to 
pure PMN-PZT, a result of formation of internal bias field. Although the dielectric permittivity 
of doped crystal decreased as hard piezoelectric ceramics, electromechanical coupling factor 
(k33) remained about 0.9 unlike general case of inverse proportional with Qm. [11]
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Figure 9. Formation of internal bias field in acceptor-doped perovskite materials.
Figure 9 shows the internal bias field of acceptor-doped perovskite lattice. The acceptor 
dopant cations are substituted into the lattice point, oxygen vacancies are created for 
maintaining overall charge balance. Because of relative charge of these defects, they can make 
dipoles, we called defect dipole, and these dipoles makes the internal bias field.
2.2.3. Other modifications of piezoelectric single crystals
Although piezoelectric single crystals show outstanding performances, commercialization of 
single crystals such as PZN-PT and PMN-PT still faces a lot of obstacles. In addition to usage 
temperature and electric field of piezoelectric single crystals, reproducibility of their 
composition and properties and high cost from the lack of usable volume of synthesized single 
crystal which has full material properties for device design and purposes is another major 
problem. Figure 10 compares the piezoelectric coefficient(d33) variation of PMN-PT single 
crystal synthesized by Bridgman method with the compositional distribution measured by 
EPMA, which shows that the MPB zone (Ti concentration of 31-35%) has only 20% of the 
total boule volume.[12]
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Figure 10. Comparison of piezoelectric coefficient variation with Ti concentration distribution 
along the same PMN-PT boule.[12]
The relaxor-PT single crystals for higher usage temperature and coercive field have been 
being studied including crystal doping. Staying low PT contents, the growth and 
characterization of PMN-PT and PZN-PT doped with Fe, Co, Mn etc. have recently been 
attempted. Some interesting results in these studies show that doping can be used to advantage 
to change the Curie and rhombohedral to tetragonal phase transition temperatures[13]–[16] and 
to give a hardening effect to the crystal, such as increasing the coercive field, mechanical 
quality factor and vibration velocity.[13]–[18] Doping has also been used to alter the photo-
reflective, pyroelectric and photovoltaic properties of piezoelectric single crystals.[19]–[21] 
Because there are conflicting results presented by various studies, doping effects on the 
dielectric permittivity and piezoelectric coefficients of piezoelectric single crystals are unclear. 
[13], [15], [16], [18]
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Figure 11. Comparison of Direct current poling (DCP) and Alternating current poling(ACP)
Alternating Current Poling(ACP) treatment for enhancing the dielectric constants and 
piezoelectric coefficients has recently been spotlighted. Figure 11 describes the comparison of 
Direct current poling (DCP) and Alternating current poling(ACP). Yamashita and Yamamoto 
firstly reported the domain size engineering by alternating current poling process can be cost-
effective method to enhance the piezoelectric properties of PMN-xPT single crystals.[22] And 
Xu et al. later proposed that PMN-25PT, which was not used due to its low properties, improved 
to the PMN-30PT level near MPB through ACP with 40% promotion for piezoelectric 
coefficient.[23] And Chang et al. reported that there is no significant difference in the aging 
rate of AC poled PMN-30PT single crystals.[24] 
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Figure 12. The main stages of the domain switching during polarization reversal in 
ferroelectrics
The possible reason for the ACP is described in Figure 12 which shows the formations of 
nano-domains, observed by piezoelectric Force Microscopy. First (a) a new domain is created 
and (b) the domain is grown in the same direction as the field. (c) and increase the volume of 
the domain. (d) The same thing is then repeated in the opposite direction. When nano-domains 
are created, domain walls are relatively instable because of the formations of charged domain 
walls. However, the origins of ACP are still unclear.
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3. Experimental procedure
3.1. Sample preparation 
3.1.1. PMN-PT single crystal synthesized by Solid State Crystal Growth(SSCG) method
The pure 0.70Pb(Mg1/3Nb2/3)O3-0.30PbTiO3 (PMN-30PT) and Mn-doped PMN-30PT single 
crystals with (001) orientation were prepared by a solid-state single crystal growth (SSCG) 
technique at Ceracomp Co. Ltd. (Cheonan, Korea). After polished, gold electrodes are 
decomposed on the (001) planes of the single crystals for measuring electrical properties.
3.2. Characterization Techniques
3.2.1. X-ray diffraction
To confirm a crystallographic structure of single crystals, X-ray diffraction was performed 
with a CuKα radiation (XRD: SmartLab, Rigaku, Tokyo, Japan). The 2q-range from 20° to 80° 
was scanned for powdered sample.
3.2.2. X-ray photoelectron spectroscopy
The valence states of Mn ions were confirmed by X-ray photoelectron spectroscopy (XPS: K-
alpha, ThermoFisher, Waltham, Massachusetts, USA). The XPS spectrum was scanned in the 
binding energy range of 630-660 eV.
3.2.3. Electric field induced properties of ferroelectric materials
To investigate electric field–polarization (P(E) hysteresis curve) and the temperature 
dependence of the polarization, coercive field(Ec) and internal bias field(Ei), the piezoelectric 
evaluation system was used (aixACCT aixPES, Aachen, Germany). The system consists of the
TF Analyzer 2000, a voltage amplifier (Trek 610E, 10kV). The P(E) hysteresis curve was 
performed in condition that frequency is 1Hz and electric field is up to 1.5kV/mm. The 
temperature dependence of polarization was investigated in the range of 20°C and 200°C.
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3.2.4. Temperature dependence of impedance spectroscopy
 For investigating phase transition and temperature-dependence of dielectric permittivity and 
dielectric loss, impedance/gain phase analyzer (HP 4194A, Hewlett-Packard Company, Palo 
Alto, CA) in conjunction with a customized furnace with the oscillation voltage level at 1V, 
frequency range from 1kHz to 1MHz. The customized furnace is described in Figure 13.
Figure 13. System scheme for measurement of temperature-dependence of impedance 
spectroscopy.
Samples were placed into a customized furnace, and the temperature was recorded with 
temperature measuring system (USB-TC-01, National Instruments, USA) which consists of a 
thermocouple directly next to the sample.
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3.2.5. Thermally Stimulated Depolarization Current
 For investigating depolarization current, thermally stimulated depolarization current (TSDC) 
measurement was performed. Currents were measured during heating with a picoammeter 
(picoammeter/voltage source 487, Keithley, Cleveland, OH) at the absence of an electric field. 
Samples were placed into a customized furnace, and the temperature was recorded with 
temperature measuring system (USB-TC-01, National Instruments, USA) which consists of a 
thermocouple directly next to the sample. Figure 14 describes poling system and TSDC system 
with electric field, temperature and current profile in poling process and TSDC measurement.
Figure 14. System scheme for poling and measurement of TSDC with profile of electric field 
(E), temperature (T) and current (I) in poling & TSDC measurement process.
3.2.6. Piezoelectric constant
 The piezoelectric constant (d33) was measured by quasi-static method using d33 meter 
(YE2730A, Sinocera, Yangju ,China) at frequency of 110Hz.
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4. Experimental results & Discussion
4.1. X-ray diffraction
X-ray diffraction pattern of powder of single crystal at room temperature was obtained for 
confirming crystallographic structure of crystal. Figure 15 (a) shows the XRD patterns of 
crushed single crystals and indicates a perovskite phase. The (211) reflection is split indicating 
rhombohedral structure of Mn-doped PMN-PT (see Figure 15 (b)).
Figure 15. (a) Powder XRD patterns of the grind Mn-doped PMN-PT crystals, indicating a 
pure perovskite structure. (b) (211) peak indicating rhombohedral symmetry.
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4.2. X-ray photoelectron spectroscopy
For confirming oxidation states of Mn, X-ray photoelectron spectroscopy data was obtained. 
Figure 16 gives the XPS spectrum in the binding energy range of 630-660 eV. The main peak 
can be separated to two peaks at 642eV and 644eV. The dominant peak indicates Mn3+ and 
minor one indicates Mn2+ state.
Figure 16. The XPS spectrum of Mn doped PMN-PT single crystals, showing the Mn2+ and 
Mn3+ ions in the crystal.
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4.3. Electric field induced properties
Electric field induced properties of pure PMN-PT and Mn doped PMN-PT single crystals 
(Polarization-field (P-E) hysteresis loop) is given in Figure 17. Both curves have a common 
curve of ferroelectric single crystals. However, compared to pure PMN-PT, the P-E curve of 
Mn doped PMN-PT has asymmetric appearance. The cause of these asymmetric P-E hysteresis 
loop is known as defect which occurs domain pinning effects.[25] The positive coercive field 
(Ec+) and negative coercive field (Ec-) of Mn doped PMN-PT crystal are 0.kV/mm and -0 
respectively. And internal bias field (Ei) is calculated to 0.139kV/mm by following equation 
(11).
Ei = (Ec+ + Ec-)/2                           (11)
Figure 17. Ferroelectric hysteresis loops of pure PMN-PT single crystal and Mn-doped PMN-
PT single crystal with asymmetric appearance.
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 Figure 18 shows temperature dependence of Ec+, Ec- and Ei. As the temperature increases, the 
difference between Ec+ and Ec- decreases and Ec- gets positive value above 140 oC. The internal 
bias field remains up to Curie temperature (Tc) of Mn-doped PMN-PT single crystals (= 150 
oC) and above Tc¸ Ei begin to decline. The remaining internal bias field may affect the 
formation and alignment of ferroelectric domains during cooling.
Figure 18. Temperature dependence of coercive field (Ec+ & Ec-) and internal bias field (Ei) of 
Mn-doped PMN-PT single crystal.
4.4. Temperature dependence of dielectric permittivity and 
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dielectric loss
The temperature dependences of the dielectric permittivity and dielectric loss of pure PMN-
PT single crystals and Mn doped PMN-PT is shown in Figure 19. The dielectric permittivity 
of the Mn-doped PMN-PT is 4730 which is smaller than that of the pure PMN-PT single 
crystals. The rhombohedral to tetragonal phase transition temperature (TR-T ,105oC) and Tc 
(151oC) of increased compare to TR-T (90oC) and Tc (120oC) of pure PMN-PT. The depression 
of dielectric permittivity and increased TR-T and Tc are typical phenomena caused by hardening 
effect. 
.
Figure 19. Temperature dependence of (a) dielectric permittivity at 1kHz and (b) dielectric 
loss at 1kHz of pure & Mn-doped PMN-PT single crystals.
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4.5. Thermally stimulated depolarization current
Thermally stimulated depolarization current data of pure & Mn-doped PMN-PT is given in 
Figure 20. In this figure, when depolarization occur, the current peak points upward. In case 
of pure PMN-PT, only depolarization peak is observed at TR-T and Tc. However, there is no 
changes of current in the cooling process in TSDC data of pure PMN-PT. (See Figure 20 (a).)
In Figure 20 (b), there are also two peaks in heating process for Mn-doped PMN-PT at TR-T
and Tc. However, the peak of TR-T points downward unlike that of pure PMN-PT. Interestingly, 
there are two peaks in cooling process of Mn-doped PMN-PT single crystals. Near Tc, there is 
spontaneous poling a.k.a. self-poling. The reason for this self-poling is the remained internal 
bias field above Tc which is mentioned before. Ferroelectric domains are more easily aligned 
at high temperature. So internal bias field can make spontaneous polarization of Mn-doped 
PMN-PT single crystals.
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Figure 20. Thermally stimulated depolarization current data of (a) pure PMN-PT (b) Mn-doped 
PMN-PT
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Figure 21 describes temperature dependence of polarization of Mn-doped PMN-PT single 
crystals. The polarization is calculated by integration of depolarization and polarization current. 
Near Tc, polarization decreases dramatically in heating process and increase in cooling process. 
But near TR-T, polarization phenomena show opposite tendency to those of Tc in both heating 
and cooling process. For explaining phenomena near TR-T, additional studies are needed.
Figure 21. Temperature dependence of polarization of Mn-doped PMN-PT single crystals.
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4.6. Quenching for inhibiting self-polarization
To get ferroelectric virgin state of Mn-doped PMN-PT single crystals, air quenching from 
300oC to RT is performed. Compared to furnace cooled crystals, dielectric permittivity and 
piezoelectric constant of quenched crystal decreased. (see Figure 22) The air quenching 
polarization was able to reduce spontaneous polarization. However, piezoelectric response of 
Mn-doped PMN-PT single crystal was not completely eliminated.
Figure 22. Comparison of piezoelectric constant at 20oC and dielectric permittivity at 1kHz, 
20oC of furnace cooled & air quenched Mn-doped PMN-PT.
 Figure 23 describes TSDC and temperature dependence of permittivity data of quenched Mn-
doped PMN-PT crystals and Figure 24 shows temperature dependence of polarization of 
quenched Mn-doped PMN-PT on heating process. Near TR-T, same current peak can be 
observed same as self-poled crystals and polarization increases. But in case of dielectric 
permittivity, there is no peak at TR-T but only plateau (or shoulder) in the range of 120oC -140oC. 
Unlike self-poled crystal, another downward peak appears before depolarization current peak. 
The polarization also increases just below Tc and decreases rapidly afterwards. In case of 
quenched crystals, both poling and depoling can be observed near Tc.
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Figure 23. TSDC and temperature dependence of dielectric permittivity at 1kHz quenched Mn-
doped PMN-PT single crystals.
Figure 24. Temperature dependence of polarization of Quenched Mn-doped PMN-PT single 
crystals.
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4.7. Dielectric and piezoelectric enhancement as function of 
temperature on Mn-doped PMN-PT single crystal
Quenched Mn-doped PMN-PT crystals were heated at different target temperature for 
investigating optimized temperature for self-poling effect. The target temperature was selected 
at 75oC below TR-T, 125oC between TR-T and Tc, and 175oC above Tc. When annealing 
temperature was 75oC, any polarization/depolarization currents of Mn-doped PMN-PT crystals 
were not observed (See Figure 25 (a)). In the Figure 25 (b), current peaks can be observed 
near 100oC. Both current peaks indicate there was alignment of dipoles. In case of 175oC, same 
result with previous TSDC and temperature dependence of permittivity of Mn-doped PMN-PT 
crystals can be observed. Interestingly, there was polarization process near 100oC in Figure 25
(b), but depolarization occurs near 100oC in Figure 25 (c).
The enhanced dielectric permittivity and piezoelectric constant of quenched Mn-doped PMN-
PT are shown in Table 3. when target temperature was 75oC, self-poling effect was not induced. 
Both of piezoelectric constant and dielectric permittivity were not improved at all. The 
piezoelectric constant and dielectric permittivity of crystals were slightly enhanced when the 
annealing temperature was 125oC. The piezoelectric constant and dielectric permittivity 
increased by 10 times and 52% respectively. The highest piezoelectric constant and dielectric 
permittivity can be obtained at which target temperature was 175oC. Self-poling effect perfectly
induced near Tc as can be seen from Figure 25 (c) and Table 3. So annealing temperature for 
the optimized self-poled crystal should be above Tc = 150oC.
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Figure 25. TSDC and temperature dependence at different target temperature (a) 75ºC ,(b) 
125ºC ,(c) 175ºC.
Target
temperature
Quenched 75ºC 125ºC 175ºC
Piezoelectric 
constant
(20ºC)
10~50 10~50 240 1080
Dielectric 
permittivity
(1kHz, 20ºC)
1710 1590 2610 3760
Table 3. Enhanced dielectric permittivity & piezoelectric constant with different annealing 
temperature.
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4.8. Direct current poling on self-poled Mn-doped PMN-PT single 
crystals
 To enhance the piezoelectric constant and dielectric permittivity, direct current poling(DCP) 
was performed on self-poled Mn-doped PMN-PT. Figure 26 describes experimental scheme 
and Table 4 shows the enhanced piezoelectric constant and dielectric permittivity of DC poled 
crystals. 
Figure 26. Experimental scheme of DCP on self-poled Mn-doped PMN-PT single crystals with 
different direction.
Poling state Quenched Self-poled
DCP 
with 
self-poled direction 
DCP 
opposite to 
self-poled direction 
Piezoelectric 
constant
(20ºC)
10~50 1080 1200 -1350
Dielectric 
permittivity
(1kHz, 20ºC)
1710 3760 4190 4960
Table 4. Enhanced dielectric permittivity & piezoelectric constant with different poling state
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 Firstly, self-poling was always in the same direction although crystal was quenched. That 
means, the defect dipoles, which can be the reason why self-poling occur, stick their own 
direction regardless of any heating or electric treatment. When the direction of DCP was same 
as that of self-poling, the piezoelectric constant and dielectric permittivity was slightly 
improved compared to those of self-poled crystals. 
 However, the piezoelectric and dielectric performances of DC-poled crystals with opposite 
direction was quite higher than self-poled crystals. This can be seen as having a similar effect 
of alternating current poling (ACP), given that two opposite poling directions have been 
processed. Figure 27 shows the temperature dependence of dielectric permittivity of Mn-doped 
PMN-PT poled with different poling conditions. Same as reported temperature dependence of 
dielectric permittivity of AC-poled PMN-PT single crystals[24], there is additional peak of 
permittivity. And overall dielectric permittivity increased compared to DC-poled with same 
direction of self-poling. 
Figure 27. Temperature dependence of dielectric permittivity of Mn-doped PMN-PT poled 
with different poling condition.
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5. Conclusion
In this work, self-poling effect of Mn-doped PMN-PT single crystal was discussed. The Mn-
doped PMN-PT ferroelectric single crystals was synthesized by SSCG method. The 
rhombohedral perovskite structure of single crystal was confirmed by powder XRD. The self-
poling is induced by the defect dipoles which can be induced by Mn dopants which have multi-
valence states supported by XPS. The internal bias field which remains even above Curie 
temperature (Tc) can be observed by temperature dependence of polarization-electric field 
measurement. The poling process can be observed by TSDC measurement. TSDC shows self-
poling current peak even in cooling process a.k.a. not thermally stimulated. Near TR-T, there 
was weak depoling current peak, but mechanism of current peak near TR-T needs more studies.
The temperature dependence of enhanced piezoelectric and dielectric properties was obtained 
for checking optimized annealing temperature for self-poling effect. To gain perfectly self-
poled state, Mn-doped PMN-PT single crystal should be cooled from above 150ºC, Tc. These 
results show the piezoelectric properties of ferroelectric single crystal can be induced without 
poling process but only Mn-modified system.
Additionally, self-poling effect on Mn-doped PMN-PT can be inhibited by quenching. 
However, there was remained weak piezoelectric response after quenching. The self-poling 
effect was time-dependent process. Self-poling effects induced by defect dipoles memorize 
their own poling directions. Opposite DC-poling process can enhance the piezoelectric and 
dielectric properties and it is similar to AC-poling. The direction of additional poling on self-
poled piezoelectric crystals is important to enhance the piezoelectric and dielectric properties
of single crystals which have self-poling effect.
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